Introduction
Persistent organic pollutants (POPs), such as most polycyclic aromatic hydrocarbons (PAHs) and polybrominated diphenyl ethers (PBDEs), are characterized by low aqueous solubility, low vapor pressure, lipophilic properties and long half lives in soils (Juhasz and Naidu, 2000) . Due to their adverse impacts on human health (Darnerud et al., 2001) , it is important to determine their exposure to humans from different environmental matrices including soil, dust and food. Human exposure to POPs mainly occurs from three pathways including inhalation, dermal absorption and oral ingestion, with the oral ingestion pathway being the most important, which includes consumption of food and incidental ingestion of soil and dust.
Oral ingestion is a major exposure route for the most susceptible sub-group of the population, i.e., young children with high frequency of mouth-hand behavior. When quantifying exposure to ingested contaminants, 100% bioavailability is usually assumed, i.e., all ingested contaminants are soluble in gastrointestinal (GI) tract and absorbed into systemic circulation. However, there is growing evidence to indicate that total concentration may not represent the fraction of the contaminant that is absorbed into the body (i.e., the bioavailable fraction), which exerts a negative effect on human health. As a result, understanding POP bioavailability is important to accurately quantify the risk of contaminant exposure to humans (Cui et al., 2013; Rostami and Juhasz, 2011) . In the context of human health, contaminant bioavailability can be described in absolute or relative terms. Absolute bioavailability (ABA) can be defined as the fraction of a dose reaching the systemic circulation (Oomen et al., 2003) . Relative bioavailability (RBA) is the comparative bioavailability of different forms or exposure media containing the contaminant, which is expressed as a fractional relative absorption factor (Ruby et al., 1999) . For example, Smith et al. (2012) used DDTspiked sand as the dosing vehicle to measure the RBA of DDT in contaminated soils. It was calculated by comparing the adipose tissue concentration of DDT in soil-dosed mice to that of sanddosed mice. Related to bioavailability is the concept of bioaccessibility, referring to the fraction of contaminant dissolved in simulated GI solution, which can be potentially taken up by intestinal cells, and can be measured by physiologically based in vitro methods.
In vivo assays are preferred methods as they can directly determine the bioavailability of POPs in different matrices. However, they are expensive and impractical for large scale testing. Simple and inexpensive in vitro methods, which simulate digestion processes in human GI tract, have been developed as surrogates to predict POP bioavailability (Dean and Ma, 2007) . The underlying principle of in vitro assays is that the amounts of a contaminant that are extracted by digestive fluids are correlated to the amounts that are potentially absorbed following ingestion of a contaminated matrix. Although in vitro assays offer an attractive alternative to in vivo assays, their application to refine POP exposure is still in the developmental phase.
This paper reviews the current status of in vitro methods to predict POP bioavailability in different matrices including soil, food and indoor dust. Emphasis is placed on recent developments to overcome method limitations, including the use of a sorption sink to overcome solubility constraints associated with hydrophobic organic contaminants, and the use of epithelial Caco-2 cell lines to simulate human sorption of contaminants. While the principles described here applicable to all POPs, this review focuses primarily on two contaminant classes namely PAHs and PBDEs. These contaminants represent both traditional and emerging POPs with many compounds within each class having a range of physiochemical and toxicological properties.
Presence of PAHs and PBDEs in the environment
PAHs refer to hydrocarbons containing >2 fused benzene rings in different arrangements. There are several hundreds of PAHs, but only 16 PAH compounds are listed as priority contaminants by the US Environmental Protection Agency (Gan et al., 2009) . PBDEs are a group of brominated compounds comprising 209 congeners, which have been used as flame retardants to reduce the flammability of furniture, textiles and electronic equipment.
Soil is the primary reservoir for PAHs compared with other matrices (Wild and Jones, 1995) . Urban soil impacted by nearby industrial and human activity or soil irrigated with wastewater usually contains elevated concentrations of PAHs (Tao et al., 2002; Duan et al., 2015) . The total concentrations of 16 PAHs in urban soils from three European cities are 1.49e51.8 in Glasgow, UK, 0.22e4.49 in Ljublijana, Italy, and 0.15e3.41 mg/kg in Torino, Slovenia, with the higher value for UK samples resulting from vehicle exhausts (Table 1; Morillo et al., 2007) . PAH concentrations in foods varied depending on local conditions, such as wastewater irrigation or industrial plants. For example, total concentrations of 16 PAHs in edible vegetables from soil irrigated with wastewater are 158e995 mg/kg (Table 1; Wang et al., 2011a) . For the aquatic biota, low molecular weight PAHs with 3-or 4-rings are generally more bioaccumulative than those PAHs with 5-or 6-rings (Bordajandi et al., 2004; Palma-Fleming et al., 2004) . For example, 16 PAHs were detected at 8.22e71.4 ng/g of fresh weight in Spanish marine biota (sea bream, bivalves, and prawns) with pyrene as the dominant congener, accounting for >80% of the 16 PAHs. While 5-and 6-ringed PAHs (e.g., benzo[a]pyrene (BaP), chrysene, and dibenz [a,h] anthracene) were below the detection limit for all samples (Bordajandi et al., 2004) . The bioaccumulation of PAHs mainly depends on biota feeding preference, PAH origination, and trophic level of biota. In addition, higher molecular PAHs can be metabolized to different extents by different species of aquatic organisms . Compared with flame retardants, lower PAHs concentrations have been detected in indoor dust (Hoh et al., 2012; Pieters et al., 2013; Qi et al., 2014) . Indoor dust from houses using coal for heating usually contain elevated concentrations of PAHs. For example, PAH concentrations in indoor dust from 20 coalburning houses in China are 8.45e121 mg/kg (Wang et al., 2013a) , which are higher than those from other countries (Table 1) .
PBDEs may enter the environment via production facilities, e-waste recycling, waste disposal and non-point sources, e.g., consumer products containing PBDEs. E-waste recycling is a major source of PBDEs to the environment. Additionally, leaching from consumer products is another important source, especially for indoor dust (Law et al., 2014 Tornkvist et al., 2011) .
In vivo bioavailability of PAHs and PBDEs
The absolute bioavailability (ABA) or relative bioavailability (RBA) of PAHs in contaminated soils has been assessed using different animal models and biological endpoints (Table 3) . James et al. (2011) reported that the ABA of PAHs based on swine blood serum as the endpoint was 0.01e29% (The large range of ABA may be due to the wide PAH concentration range, i.e., 0.17e650 mg BaP equivalents g À1 soil, in the 9 soil samples). Pu et al. (2004) reported 15e49% and 23e35% in phenanthrene-spiked soil (200 and 400 mg/kg) based on phenanthrene quantification in blood after gavaging mice. The difference between the studies can be partly explained by the different animal models used and the lower values in James et al. (2011) may also be attributed to the aging effect of contaminated soils.
It is important to note that determination of PAH bioavailability is challenging due to the complexity of their metabolism, distribution and excretion in vivo. There are several processes that PAHs undergo before being absorbed across the intestinal epithelium, i.e., entering hepatic portal circulation or being transported to the liver (Juhasz et al., 2014) . Due to biliary excretion, some degraded PAHs in the hepatic portal system may not reach the systemic circulation, which is not accounted for in the bioavailable fraction. On the other hand, degraded PAHs, entering the systemic circulation, is not quantified as bioavailable if only the parent compound is determined. PAHs in feces have been used as an endpoint for the conservative estimation, but it does not consider those metabolized PAHs through biliary excretion (Stroo et al., 2000) . Juhasz et al. (2014) determined bioavailable BaP in a contaminated soil containing 68.8 mg/kg BaP by monitoring BaP concentrations in feces of male Balb/c mice following 7 d of feeding. The ABA for contaminated soil is 81e84% with no difference being observed for Soil decreased bioavailability measured by DNA adducts, and 9-month aging had no effect on bioavailability.
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Phenanthrene Soil spiked with coal tar from manufactured gas plant. To date, there are numbers of studies reporting PAH bioavailability in food and indoor dust, which are also important exposure routes for PAHs. The studies about PAH bioavailability in food were mainly conducted in term of toxicology with focus on the effect of food component on the PAH bioavailability and carcinogenicity. Detailed review can be found in Ramesh et al. (2004) . Using 14 C labeled PAHs is a powerful approach for bioavailability studies due to the complicated in vivo metabolism of PAHs. For example, rat was dosed with 14 C-labeled (BaP)-spiked meat, and 74e79% of the dosed radioactivity was measured in feces but more than 80% of BaP was metabolized with 3-hydroxy-(BaP), 9-hydroxy(BaP), (BaP)-3,6-dione, and (BaP)-1,6-dione being identified as the main metabolites (Hecht et al., 1979) . In contrast, there is a dearth of information regarding PBDE bioavailability (Table 3 ). For example, determined PBDE bioavailability using male SpragueeDawley rats. Using total PBDE concentration in all target tissues as a biological endpoint, the bioavailability is 4% for BDE209 and 10e78% for other PBDEs, with no difference being observed between dust and oil dosing for most PBDE congeners. When using PBDE concentration in the feces as a biological endpoint, 8e88% is bioavailable for dust, which is 10e30% less than those for oil dosing . The results suggest that different biological endpoints affect PBDE bioavailability results. To obtain reliable data, it is important to compare in vivo data from different animal models and endpoints.
In vitro bioaccessibility of PAHs and PBDEs
Several in vitro methods have been applied for bioaccessibility measurement of POPs, including the physiologically based extraction test (PBET), simulator of the human intestinal microbial ecosystem (SHIME), in vitro gastrointestinal method (IVG), Dutch National Institute for Public Health and the Environment (RIVM) method, and Fed ORganic Estimation human Simulation Test (FOREhST). In the following section, an overview of these methods is provided. In vitro methods for PAH bioaccessibility have been mainly applied to soils, only more recently to indoor dust and food. Similarly, in vitro methods for PBDEs have been applied to different matrices. However, methods developed for soils may not be applicable to other matrices as their properties differ, such as larger surface area of indoor dust and higher lipid content in food. Therefore, their applications to matrices such as indoor dust and food are also discussed (Table 4) . To be helpful, we listed the operation parameters and components in GI solution for these in vitro methods in Table S1 .
Physiologically-based extraction test (PBET)
The PBET assay for POPs is modified based on the assay for metal-contaminated soils (Ruby et al., 1996; . The PBET involves two phases, i.e., gastric and intestinal phases. The pH of gastric solution is 1.5 representing the fasted state, which is followed by neutral intestinal solution with the presence of bile, pancreatic enzymes, and proteins (such as mucin). The incubation time of gastric and intestinal phase is 1 and 4 h, which is typical residence time in digestive tract. The detailed operation parameters and components of PBET can be found in Table S1 . The PBET has been used to estimate the bioaccessibility of PAHs and PBDEs (Table 4) in various matrices including soils, indoor dust, and food (Tang et al., 2006; Wang et al., 2013b) . For example, the bioaccessibility of PAHs in 8 wastewater-irrigated soils (total concentrations of 16 PAHs ¼ 1.3e4.9 mg kg À1 ) was estimated by Khan et al. (2008) using the PBET. The bioaccessible PAHs in the intestinal phase was 27e53%, higher than those in the gastric phase at 20e46%. In a recent study, the bioaccessibility of 16 PAHs was measured using the PBET in 55 indoor dust samples from the Pearl River Delta of China (total 16 PAHs in dust are 1.63e29.2 mg kg À1 ).
Bioaccessible PAHs in indoor dust decreased with increasing ring numbers, i.e., the bioaccessibility of benz[a]anthracene and chrysene (4 ring compounds) was 6.3e17% compared to 1.3e5.6% for indeno(1,2,3Àcd)pyrene (6 ring compound) (Table 4 ; Kang et al., 2011) . Though no data are available for bioaccessibility of PAHs in foods based on PBET, the method has been used to measure the impacts of 17 foods on bioaccessibility of PFOA spiked in the foods, which were 9.8À99% (Li et al., 2015a) . However, the data are poorly correlated with in vivo data based on a mice liver model. Since the duration for food passage through the colon accounts for almost 80% of the transit time through the human digestive tract and the colon consists of an aqueous medium rich in carbohydrates, which may facilitate the desorption of POPs from its matrix, inclusion of a colon component in the PBET has been proposed to better represent the GI tract. The colon extended PBET (CE-PBET) was developed by adding a colon extraction phase to the PBET (Tilston et al., 2011) , and has been used to measure the bioaccessibility of PAHs and PBDEs in soil and indoor dust (Abdallah et al., 2012; Collins et al., 2013; . The bioaccessibility of BaP in 20 contaminated soils based on the CE-PBET increased 4.4-fold (2.5e18%) compared to that by PBET. The enhanced PAH bioaccessibility was attributed to the extended extraction time in addition to the carbohydrate-rich medium in the colon compartment, which enhanced PAH solubility (Tilston et al., 2011) . However, mimicking microbial effects in the colon phase remains a challenge for CE-PBET. After colon solution in the CE-PBET is autoclaved before bioaccessibility assessment in Abdallah et al. (2012) , significant microbial contamination (i.e., black coloration and sulfurous odor induced by sulfur-reducing bacteria) has been observed in colon medium after 8 h of incubation with contaminated soil. This potentially introduces uncertainty for subsequent analysis of POPs if only parent compounds are considered (Abdallah et al., 2012; Tilston et al., 2011) . In addition, microbes may have varying metabolic capacity toward different enantiomeric isomers, resulting in different bioaccessibility. Therefore, taking microbial effects into consideration, and at the same time, measuring both parent and microbial metabolites deserves further attention in future studies.
Simulator of the human intestinal microbial ecosystem (SHIME)
The SHIME assay was developed by Molly et al. (1993) as an automated multistage reactor. This computer-controlled dynamic model consists of five compartments, including various GI and colon phases. The reactor was later developed into SHIME assay to measure PAH bioaccessibility, with gastric, intestinal, and colon phases ( Van de Wiele et al., 2004) . The SHIME reactor is different from other in vitro models, because it comprises the entire GI tract with enzymatic processes in the stomach and duodenum, and a colon simulator with a microbial community from the human colon (Siciliano et al., 2010) .
The SHIME assay has been used to determine the bioaccessibility of metals such as As, Pb and Hg (Laird et al., 2009; Van de Wiele et al., 2007) . Recently, it has been applied to assess PAH and PBDE bioaccessibility in soils (Cave et al., 2010; Siciliano et al., 2010; Van de Wiele et al., 2004) , foods (Yu et al., 2009) , and indoor dust (Yu et al., 2012b) . For example, the bioaccessibility of PBDEs in indoor dust (0.13e3.9 mg/g) via the SHIME assay was 14e66%, with significant negative correlation with organic matter content in dust (7.1e47%) (Yu et al., 2012b) . After incorporating PBDE bioaccessibility into risk assessment, the daily intake of PBDEs via dust ingestion was reduced by 0.4e21 ng/d for adults, suggesting that the risk associated with PBDE in dust based on total concentration is probably overestimated.
One positive development in SHIME assay is that potential microbial degradation of POPs in the intestinal phase is considered as it includes a microbial community from human colon. Van de Wiele et al. (2005) showed that microbial transformation of PAHs in the colon compartment produces estrogenic metabolites, such as 1Àhydroxypyrene and 7Àhydroxybenzo(a)pyrene. The metabolites of parent compounds cause uncertainty for bioaccessibility measurement, e.g., the bioaccessibility of POPs can be underestimated if only parent compounds are measured when some POPs are degraded during the measurement. Hence, it is important to add a microbial component in the intestinal phase in in vitro methods as the gut bacteria play an important role in POP transformation (Mendel and Walton, 1966; Yim et al., 2008) . In addition, quantifying both parent and transformation products is essential for accurate bioaccessibility measurement. However, large-scale application of SHIME assay can be a challenge due to its relatively complicated operation and maintenance, i.e., the odor due to the colon microbial community.
Dutch National Institute for Public Health and the environment (RIVM)
The RIVM method was developed for both fed and fasted states including three phases, i.e., saliva, gastric and intestinal phases Versantvoort et al., 2004) . The fasted-state has been applied to measure PAH bioaccessibility in soils (Pu et al., 2004) . Four soils were spiked with phenanthrene at concentrations of 200 and 400 mg kg
À1
, and subjected to fasted-state extraction using RIVM assay. The bioaccessibility of PAHs was correlated with in vivo results based on a rat blood model (r 2 ¼ 0.53). However, the correlation may not be valid due to the small number of samples (i.e., 4 soils). In addition, the soils were spiked with phenanthrene, which do not represent contaminated soils. Further, PAH bioavailability assessment using blood analysis as the biological endpoint may overlook issues associated with hepatic portal cycling and production of metabolized products. The fed-state RIVM assay was developed by adding mash potato and blended chicken to the fasted-state compartment, which meets the nutritional requirements for children (Grøn et al., 2007) . Using this approach, Grøn et al. (2007) 
bioaccessibility varied depending on PAH sources and soils. For example, BaP and dibenz(a,h)anthracene bioaccessibility was low (5.7 and 12%) in a soil contaminated with tar whereas it was high (38 and 40%) in soils contaminated via highway traffic. In general, RIVM assay has not been widely applied probably due to the limited availability of references Versantvoort et al., 2004) . However, the Fed ORganic Estimation human Simulation Test (FOREhST), which was developed based on the RIVM assay, is a popular method for POPs.
Fed ORganic estimation human Simulation Test
Since food components have the potential to mobilize POPs from sample matrices, it is suggested that the worst-case scenario (i.e., fed state) should be used. The FOREhST is a fed-state method, which was modified based on the RIVM and unified BARGE method (UBM) assays Wragg et al., 2009; Cave et al., 2010) . For example, the fed state was achieved by incorporating HIPP organic creamy porridge into the FOREhST chyme. In addition, pH, and mucin and pepsin concentrations in GI solutions of fasted-state UBM assay are adjusted to simulate the fed state. When compared with GI conditions under fasted state, food consumption stimulates physiological changes in the human GI tract, including increased secretion of enzymes as well as gastric acid.
Several studies have adopted the FOREhST to investigate the bioaccessibility of PAHs in soils (Juhasz et al., 2014; Lorenzi et al., 2012) . For example, the FOREhST has been used to measure PAH bioaccessibility in soils with various properties (organic carbon ¼ 1e13%) and contamination levels (total PAHs of 10e300 mg kg À1 ). Results from the FOREhST (12e61%) were comparable with the SHIME assay (13e59%), with good correlation of r 2 ¼ 0.55 (Cave et al., 2010) . Nevertheless, even though they are well correlated, it does not mean that the methods are valid since no validation with in vivo data was conducted. For FOREhST, the inclusion of food and the adjustment of the GI components according to the physiological condition for fed state is positive. However, the addition of milk powder makes it difficult for analysis. The saponification process to remove the lipid from milk is usually concurrent with low recovery of POPs after intestinal phase extraction.
In vitro gastrointestinal (IVG) method
The IVG assay was developed to assess As bioaccessibility in soils by Rodriguez et al. (1999) and Basta et al. (2007) . Compared with other methods, the IVG assay has limited application for POP bioaccessibility in soils. Only one study measures PAH bioaccessibility in eight soils containing 0.17e650 mg/g BaP. PAH bioaccessibility based on BaP equivalents after IVG extraction was 0.1e13% (James et al., 2011) . However, the results were poorly correlated with RBA using a juvenile swine model (r 2 ¼ 0.03). The poor correlation was attributed to the poor thermodynamic equilibrium during the 2 h IVG extraction, which may be overcome by extending the extraction time. However, the static nature of the IVG assay, i.e., with no dynamic sorption process by intestinal cells, is also the limiting factor to accurately estimate PAH bioavailability in soils.
Improvements and challenge for in vitro methods
While several in vitro methods have been adopted by different countries to predict the RBA of inorganic contaminants in soils, (e.g., As and Pb), the lack of in vivo-in vitro correlation (IVIVC) for organic contaminants limits their use to predict RBA of POPs in the environment. To improve IVIVC, several challenges are highlighted below.
Inclusion of sorption sinks for in vitro assays
Due to their low solubility and/or high hydrophobicity, POPs tend to partition into a lipophilic phase, such as the lipid membrane of intestinal enterocytes. However, most in vitro methods have no lipophilic phase, which may underestimate POP bioaccessibility, especially for those POPs with extremely low solubility. One way to overcome this issue at the early stage is to increase the volume of the extraction liquid to enhance POP dissolution. However, this may be inadequate to release all bioaccessible fractions from the matrix. Other alternative includes the addition of a lipid sink to absorb POPs to enhance its desorption from the matrix, thus creating a desorptionesorption flux from the soil to lipid sink to reach a steady state Fang and Stapleton, 2014; James et al., 2011; Li et al., 2015b; Vasiluk et al., 2007 Vasiluk et al., , 2008 . These sorption sinks include C18 membrane, poly(dimethylsiloxane) (PDMS) rods, and Tenax. They act as both sorption sink and back extractant, which facilitates the back extraction of POPs to circumvent their analytical difficulty.
The C18 membrane has been used as a lipid sink in IVG GI solution. The PAH concentration released from soils increased from 6.6 to 290 ng BaP equivalents (James et al., 2011) . Further, adding C18 membrane as a lipid sink improved the correlation between IVG bioaccessibility (BaP equivalents) and in vivo bioavailability (swine assay) from r 2 ¼ 0.02 to r 2 ¼ 0.45. In addition to C18 membrane, PDMS rods have also been used. In a study by , silicone-PDMS rod was used as the sorption phase because of its well-known partitioning property and stability in low pH medium. In addition, silicon combined with activated carbon as a sorption sink was used by Collins et al. (2013) . The activated carbon and PDMS pre-polymer was mixed at 1:10 mass:mass. The silicon-based sorption sink has high affinity towards PAHs, e.g., 30 cm of silicon rod absorbed >90% of PAHs in 80 ml GI solution . The inclusion of PDMS rods in PBET solution increased the extraction capacity for PAHs by 103À4567 times. In our recent work, Tenax was included as the sorption sink in GI solution of the PBET assay to measure PAH bioaccessibility (Li et al., 2015b) . The principle of Tenax as a sorption sink to enhance the extraction capacity for POPs is illustrated in Fig. 1 . Tenax beads, a porous resin with well-established adsorption/desorption characteristics, is effective in evaluating bioaccessibility due to their large sorption capacity, easy back-extraction and ability to be recycled (Cui et al., 2013) . Tenax showed high affinity and fast sorption for PAHs in the intestinal solution of the PBET (Li et al., 2015b) . Within 4.61 (pyrene) to 18.4 min (benzo(ghi)perylene), >87% of PAHs in the intestinal solution was trapped by Tenax. When tested in a contaminated soil, PAH bioaccessibility increased from 3.7e6.9% to 16e31% with Tenax being added in the GI solution of the PBET. Similarly, Tenax was included as a sorption sink in the CE-PBET to assess PBDE bioaccessibility in a housedust (SRM 2585; Fang and Stapleton, 2014) and in the TI-PBET to assess DDT bioaccessibility in contaminated soils (Li et al., 2016) . PBDE bioaccessibility was several folds higher with inclusion of Tenax. For example, bioaccessibility of BDE 99 was 75 and 10% with and without Tenax. Meanwhile, the feasibility of Tenax was validated with in vivo data by dosing rat with SRM 2585 using feces as the biological endpoint . The improved bioaccessibility with Tenax (25e92%) was more comparable to the in vivo data (28e88%) than those without Tenax (2.0e15%). Even though the correlation between the two was not performed, the enhanced PBDE bioaccessibility suggests the effectiveness of Tenax as a sorption sink in the GI solution of the CE-PBET. Tenax is not only effective in enhancing bioaccessibility of PBDE in dust based on CE-PBET but also DDT in soils based on TI-PBET method (Li et al., 2016) . The TI-PBET method improved DDT bioaccessibility in 6 contaminated soils from 1.2À15% to 27À56%, which is well correlated with in vivo data based on a mouse adipose model (r 2 ¼ 0.62). The strong correlation suggests that TI-PBET assay has a potential to predict DDT bioavailability in contaminated soils. However, it is too early to conclude which sorption sink is the best. There are several issues need to be investigated. Firstly, though sorption sink materials simulate the process of POP uptake by intestinal cells, the sorption rate of POPs by intestinal cells has yet not been measured, and the possible difference in sorption rate between sorption sink and intestinal cells may impact the feasibility of sorption sink improved in vitro methods. Future research is needed to identify sorption sink with similar sorption rates to that of the intestinal cells. Secondly, the combined effect of sorption sink and components in GI solution (such as bile or food) on the bioaccessibility measurement need to be considered. In a recent study, the bioaccessibility of PAHs in soot increased with the increase of lipid in GI solution, but the contribution of sorption sink (silicone) to PAH bioaccessibility decreased (Zhang et al., 2015) . Last but not the least, the identification for the best sorption sink material as well as the sorption sink improved in vitro methods need to be validated with in vivo data. To date, TI-PBET has been validated with in vivo mouse model to measure DDT bioaccessibility in contaminated soils (Li et al., 2016) .
Incorporation of CacoÀ2 cell line
During extraction, PAHs and PBDEs are solubilized by GI digestion fluid, which are potentially available for absorption in the GI tract, i.e., across intestinal epithelial cells. However, most in vitro methods do not have the intestinal epithelium to mimic uptake processes. Recently, several studies added Caco-2 cells to assess POP bioaccessibility. Caco-2 cells are an enterocyte cell line from a human colon adenocarcinoma (Artursson et al., 1996) , which are well characterized in term of its transport properties.
Caco-2 cells can differentiate spontaneously in culture and produce a monolayer of epithelial cells, which share many morphological and functional characteristics of mature enterocytes in small intestine (Hidalgo et al., 1989) . Therefore it is a good model to evaluate POPs transport in intestinal phase, especially considering that isolation and incubation of intestinal cells are impractical at the present. Oomen et al. (2001) found that, though 54% of PCBs in a soil is solubilized during in vitro digestion, only <10% is transported across the Caco-2 monolayers. It was reported that, when exposed to BaP, Caco-2 cells form a biochemical barrier, which hindered BaP transport across the cells (Buesen et al., 2003) . Hence, bioavailability of POPs may be overestimated if solubilized POPs are measured without considering their absorption by Caco-2 cells. In contrast, some studies claimed that the bioavailability of POPs may be underestimated if intestinal uptake was not taken into account (Tao et al., 2009 (Tao et al., , 2011 Vasiluk et al., 2007) . Wang et al. (2011b) observed that the absorption of solubilized PAHs by Caco-2 cells facilitated their release from soil after digestion, and PAH associated with soils decreased from 83 to 55% in the presence of Caco-2 cells.
Unraveling the importance of an absorption phase (i.e., the incorporation of Caco-2 cells) is necessary to develop predictive in vitro assays for refining exposure assessment of POPs to human health. Subsequently, several research groups have proposed a combined in vitro digestion/Caco-2 cell model to study nutrient uptake or metal bioaccessibility (Verheyen et al., 2012) . However, there are still limitations associated with the combined model. Firstly, there is a lack of mucus-producing goblet cells in the Caco-2 models. The goblet cells are important cells in the small intestine, and the mucus is essential for protecting epithelium cells and regulating the uptake process by epithelium cells (Hidalgo et al., 1989) . In recent studies, Caco-2 cells were cultured with goblet cells HT29-MTX to investigate the uptake of nutrients by the small intestine (Mahler et al., 2012) . Based on these investigations, an experimental setup was designed to simultaneously culture Caco-2, goblet cells, and POP-contaminated matrix in GI solution for in vitro extraction (Fig. 1B) . The other drawback is that the studies on toxic effect of POP exposure on Caco-2 cells are rather limited (Lampen et al., 2004; Niestroy et al., 2011; Chen et al., 2012) . For example, BaP, chrysene, benzo[k]fluoranthene and dibenzo [a,l] pyrene can alter gene expression of CYP1, UGT1A6, and UDP1A7 mRNA in Caco-2 cells (Lampen et al., 2004) . Ultimately, it can be expected that POP-induced toxicity can influence the transport, metabolites, and uptake process of POPs by Caco-2 cells, consequently altering the bioavailability results.
Conclusions
Traditional methods for assessing POP exposure for human health risk assessment utilize total contaminant concentrations in environment matrix. This approach may overestimate the exposure, which may result in unnecessary remediation efforts. During the past two decades, in vitro methods have been developed to measure the oral bioaccessibility of POPs in soil, indoor dust, and food, and potentially predict their bioavailability in environment matrix. The applications and challenge for these in vitro methods have been reviewed. We did not include the influence of sample matrix properties (e.g., soil organic carbon and particle size), though it is important for bioavailability measurement. This is because this information has been reviewed by Rostami and Juhasz (2011) , Ruby and Lowney (2012) , and Siciliano et al. (2010) . However, the effect of black carbon on bioavailability/bioaccessibility warrants more attention in future study. Black carbon has up to 1000 times higher affinity for HOCs compared to amorphous carbon, therefore exerting stronger influence on HOC desorption (Accardi-Dey and Gschwend, 2003) . In our recent study about DDTcontaminated soils, significant correlation was not observed between in vivo or in vitro results with soil organic carbon or clay content (p ¼ 0.31 to 0.97), but the correlation (p ¼ 0.02e0.32 and r ¼ 0.5e0.88) was greatly improved with black carbon content (Li et al., 2016) . Similar results were also reported by Duan et al. (2014) and Juhasz et al. (2016) .
Ultimately, results from in vitro assays need to be correlated with in vivo bioavailability data. With evidence that POP bioaccessibility is not necessarily correlated with in vivo bioavailability (James et al., 2011; Smith et al., 2012; Li et al., 2015a) , and that modification of in vitro assays (e.g., inclusion of sorption sink in GI solution) can significantly improve the correlation (Fang and Stapleton, 2014; James et al., 2011) , it is apparent that current in vitro methods need further refinement. In addition, an overarching limitation for in vitro assay refinement is the lack of in vivo data for correlation. Research efforts are needed to overcome these constraints to provide validated methodologies to measure and predict POP bioavailability in the environment to accurately assess their risk to human health.
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